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Application of a Porcine Small Intestine Submucosa Nerve
Cap for Prevention of Neuromas and Associated Pain

Shahryar Tork, MD,1 Jennifer Faleris, MPM,2 Anne Engemann, PhD,2 Curt Deister, PhD,2
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Painful neuroma formation is a common and debilitating sequela of traumatic or oncologic nerve amputations.
Studies suggest that isolating transected nerve stumps within protective caps during amputation surgery or
revision procedures may assist in preventing symptomatic nerve-end neuroma formation. This study evaluated
the local effects of two porcine small intestine submucosa (pSIS) nerve caps of differing configurations on a
terminal nerve end in an animal model. The tibial nerves of 57 Sprague Dawley rats were transected and
transposed to the lateral hind leg. The nerves were treated with one of three SIS materials, including (i) a nerve
cap with spiraling chambering, termed spiral nerve cap (SNC), (ii) a nerve cap with bifurcated chambers termed
chambered nerve cap (CNC), or (iii) an open tube. The surgical control consisted of nerve stumps that were not
treated. Overall tissue response, axonal swirling, optical density of axons, and behavioral pain response were
quantified at 8 and 12 weeks postoperatively. There were no notable differences between the performance of the
SNC and CNC groups. The pSIS nerve caps mitigated aberrant axonal regeneration and decreased neuroma
formation and associated pain response. These findings suggest that nerve caps with internal chambers for axonal
outgrowth may improve axonal alignment, therefore reducing the likelihood of symptomatic neuroma formation.
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Impact Statement

This study provides evidence for using nerve caps with internal structure on nerve stumps after amputation surgeries to
reduce or prevent symptomatic neuromas. This study showed that porcine small intestine submucosa had a favorable
remodeling profile and tissue response, illustrating that this device can be used to (i) minimize soft tissue attachments
around the nerves that are capped, (ii) align axonal outgrowth to guide nerve regeneration away from aberrant neuroma
formation, and (iii) act as a barrier between the nerve and external stimuli ultimately remodeling into a new soft tissue layer
around the nerve stump thus decreasing symptomatic neuroma formation.

Introduction

Painful neuroma formation is a common and debili-
tating sequela of traumatic or oncologic nerve amputa-

tions. Neuromas result from axonal outgrowth through
Schwann cell proliferation ahead of an injury site as the cells
attempt to restore axonal continuity of the disrupted nerve
end(s). In severe tissue damage, the regenerating axons can-
not reach their target tissue and instead form a tangled bul-
bous mass which causes pain, likely due to pathological

interactions between axons within the neuroma1,2 as well as
traction between the nerve and scar tissue or ischemic ne-
crosis of the nervous tissue.1,3,4

Neuroma pain is typically characterized by spontaneous
hyperalgesia and allodynia, which may endure after com-
plete remodeling of the wound,5 and this pain can be trig-
gered by external stimuli such as the pressure exerted by a
prosthetic.1 In fact, significant stump pain associated with
neuromas has been reported in over 80% of amputees6 and
symptomatic neuromas are a frequent cause for reoperation
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in this population.7–9 In amputees, painful neuromas can make
it difficult to mold a well-fitting prosthesis socket and can
prevent successful use of a prosthetic, thus limiting mobility.

The current standard treatment options after limb ampu-
tation or an unrepaired transected nerve injury incompletely
address pain-inducing neuroma formation.10 These standard
treatments include surgical methods to remove neuromas or
pharmacological therapies directed at pain management.
The current standard of care for surgical management of
symptomatic neuromas involves either traction neurectomy,
which has a high rate of neuroma recurrence,11,12 or burying
the nerve stump into adjacent muscle or bone.12 While
burying the nerve stump in adjacent tissue mitigates external
stimulation that causes painful sensation, this procedure can
greatly complicate surgery as additional dissection of oth-
erwise healthy tissue is required to secure the nerve stump.
In addition, this technique is not always anatomically pos-
sible, it exposes the patient to further risks, and often fails to
sufficiently isolate the affected nerve from external stimuli.

The success rates (typically defined as postsurgical pain
reduction) for this approach can be highly variable with re-
ports of 40–81% for burial in muscle and 33–91% for burial
in bone.13,14 This variability is linked to the fact that neu-
romas still form when the nerve end is buried in muscle or
bone15–17 and nerve stumps may be dislodged from mus-
cles during large excursion through their range of motion.
Therefore, one of the main issues with these techniques is
their inability to prevent neuroma formation by preventing
pathophysiological axon regeneration.12

Recently, several techniques have been developed with the
goal of allowing the nerve to regenerate in a more normal,
physiologic manner to prevent neuroma. Targeted muscle
reinnervation has gained considerable traction as a reliable
and effective modality for neuroma prevention,18,19 and it is
speculated that the success of this technique is based on giving
the nerves a natural target as they grow into and reinnervate
the denervated muscle, thus reestablishing the natural aligned
outgrowth pattern inherent to the native peripheral nervous
system.18 However, this technique is technically difficult and
requires a certain level of microsurgical skill. In addition, the
identification and transection of a suitable motor nerve as a
recipient guide for the proximal nerve stump is not always
feasible from an anatomic or etiological standpoint.

Another technique that has grown in popularity that also
allows for aligned axonal outgrowth involves suturing a
long nerve graft, conduit, or cap on to the end of the nerve
stump.11,20 While these techniques have been effective, nerve
grafting and conduits do not protect the nerve end from the
external environment, which includes growth factors that
promote axon growth. Therefore, over time the axons can grow
in an aligned manner all the way through the graft or conduit
and then form a neuroma as they exit the open distal end where
there is no longer a structure to help facilitate aligned growth.

Capping the nerve end can isolate the axons from external
signaling and prevent disorganized growth and neuroma for-
mation. The use of autologous vein and epineurium caps have
demonstrated promising results for the prevention of neuroma
formation in several studies,12,21,22 and without the issues
associated with nonbiological materials such as silicone.
However, such approaches have their own disadvantages. The
harvest of autologous tissue requires extra operative time,
introduces risks with donor site morbidity, and can pose an

additional technical challenge to the inexperienced surgeon.
Moreover, the use of epineurial and vein caps does not
guarantee containment of axonal sprouting within the confines
of the cap. This is demonstrated by studies showing axon
fibers escaping through suture holes or the small, impercep-
tible openings at the end of a cap, of which the integrity is
essentially subject to the technical expertise of the surgeon
and dynamics of the local tissue environment.23

Therefore, new treatment methods are still needed to pre-
vent neuromas to reduce dependence on postoperative opioid
pain management and to improve outcomes for patients with
peripheral nerve damage. Consequently, we set out to eval-
uate chambered capping devices made from porcine small
intestine submucosa (pSIS). We hypothesized that the inter-
nal chambering would help align and exhaust axonal out-
growth and that pSIS, which has been shown to remodel into
a new soft tissue layer,24 would help provide a permanent
physical barrier that would reduce neurotrophic signaling and
protect the nerve end from mechanical stimulation. Taken
together, we hypothesized that these material benefits would
reduce or prevent neuroma formation and associated pain.

To assess the effects of a medical device for the pre-
vention of neuroma pain, it is important to use a validated
and easily reproducible animal model for neuropathic pain.
We selected the tibial neuroma transposition (TNT) model,
developed by the Belzberg laboratory, for evaluation of al-
lodynia and hyperalgesia25 after intervention with our cap-
ping device, as this model allows for direct stimulation of
the neuroma by way of mechanical or punctate stimulus
with a subsequent visible response from the animal. In ad-
dition, transection of the tibial nerve in a rat model is sup-
ported as a standardized model to assess neuropathic pain
within days of surgical intervention.25,26 Furthermore, the
TNT model ensures that the behavioral responses due to
neuroma stimulation are due to hyperalgesia in the nerve
rather than incisional pain since the nerve is transposed from
its in situ position.25 Therefore, this model allowed us to
include both behavioral and histological endpoints to un-
derstand the correlation between the two.

Materials and Methods

Preparation of nerve caps

pSIS is an extracellular matrix that remodels into a new
soft tissue layer.24 The pSIS Nerve Caps utilized in this study
(Axoguard Nerve Cap�; Axogen Corporation, Alachua, FL)
were designed to provide channels for organized axonal
outgrowth at a terminal nerve stump formed either via a
single partition or via a spiral insert (Fig. 1). All caps were
10 mm in length and the internal microarchitecture en-
compassed the distal 5 mm of the caps. pSIS was utilized to
provide a new permanent protective layer of soft tissue while
preventing adhesions to the surrounding soft tissue bed.24

Experimental design

Forty-eight male Sprague Dawley rats weighing 257–355 g
(62–79 days of age) underwent a TNT procedure, similar to a
previously established procedure by Dorsi et al.25 All animals
were deemed healthy and fit for surgery by veterinary staff
before the surgical procedure. The nerves were either treated
with the chambered nerve cap or spiral nerve cap (CNC
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group or SNC group, respectively) or they were transposed
and secured into the subcutaneous plane without a cap (sur-
gical control [SC] group) (Table 1). An open tube (OT) group
was included as a histological control to ensure the pSIS
material utilized in the nerve cap remodeled in the same
manner as a commercially available pSIS product (Axoguard
Nerve Connector; Axogen Corporation).

Animals were monitored and remained in adequate health
for the duration of the study. The rats were sacrificed at
either 8 or 12 weeks postoperatively and weights at sacrifice
ranged from 377 to 720 g. The experimental protocol ad-
hered to the guidelines of the Animal Welfare Act (CFR 9)
and was approved before testing by the Institution Animal
Care and Use Committee.

Surgical procedure

On the day of the procedure, animals were sedated, an-
esthetized, and prepared for surgery. Aseptically, the tibial

nerve of the left hindlimb of each rat was dissected, ligated,
transected and transposed to the lateral hindlimb *8 mm
superior to the lateral malleolus (Fig. 2). For the SC group,
no additional treatments to the tibial nerve were performed
following transpositioning25 and the distal stump was su-
tured flush within the subcutaneous space of the lateral
hindlimb using appropriate suture material. For both ex-
perimental groups and the histological control group
(CNC, SNC, and OT respectively), nerve ends were en-
tubulated *3 mm into the open lumen of the appropriate
cap (chambered or spiral) or OT and secured with nonab-
sorbable suture. The cap or tube was then secured within a
subcutaneous pocket on the lateral hindlimb. The transpo-
sition site was indicated by a suture marker and/or a per-
manent marker dot.

Behavioral testing

Evaluation of neuropathic pain was conducted through a
series of punctate stimuli applied to the treated and un-
treated (contralateral) legs of each rat. On a weekly basis, a
series of 10 trials were performed on each leg for each
testing session, as previously outlined by Dorsi et al.25 The
response to each trial was scored with a value of 0–2. Where
0 was no response, 1 was a slow withdrawal of the animal’s
paw, and 2 was a brisk withdrawal, shaking, licking, or
vocalization of the animal. The behavioral testing scores for
each animal were represented as the sum of neuroma ten-
derness values for all 10 trials.

Histology

The tibial nerve, nerve caps, and OTs were collected,
fixed in 10% neutral buffered formalin, embedded in par-
affin, and sectioned for histological mounting and staining
(Scientific Solutions, Fridley, MN). Paraffin tissue blocks

FIG. 1. Illustration, nerve
cap designs. (A) CNC con-
taining a single partition
which bifurcates the lumen.
(B) SNC containing a spiral
insert to create multiple
chambers within the lumen.
CNC, chambered nerve cap;
SNC, spiral nerve cap.

Table 1. Study Groups for Tibial Neuroma

Transposition Model

Test group

Initial
sample

size

Final sample size
(initial, n = 8

per time point)

56 Day
(8 weeks)

84 Day
(12 weeks)

Chambered nerve
cap (CNC)

16 4a 7a

Spiral nerve cap (SNC) 16 7b 7b

Surgical control (SC) 16 8 7c

aFive animals were euthanized early due to device erosion
through the skin.

bTwo animals did not have useable histology.
cOne animal was inadvertently euthanized early.

PREVENTION OF NEUROMA WITH A PORCINE SIS NERVE CAP 505



were sectioned such that the explanted nerve stumps and
samples were cut along the longitudinal axis of the tissue.
Histological sections were taken at three levels through the
samples, with levels taken *200 mm apart starting from the
surface of the sample. At each level, three serial sections
were collected and mounted on slides for staining. Slides
were configured to ensure that there were three equivalent
sets of sections from each sample, which represented each
level through the tissue. Slides were stained with hema-
toxylin and eosin, Masson’s Trichrome, or Neurofilament
200 (NF 200).

To determine implant resorption and tissue ingrowth, all
slides from the 56-day cohort were compared to the 84-day
cohort and were given a score of 0–4, where a score of 0 was
considered not present and a score of 4 was considered marked.
All scorings were performed by a board-certified veterinary
pathologist who was blinded to the surgical groups.

To evaluate the overall tissue response, the veterinary
pathologist scored all slides for inflammation, fibrocytes,
neovascularization, fatty infiltrates, necrosis, mineralization,
hemorrhage, and fibrin deposition using a scale of 0–15.
Overall tissue response was expressed as the interpretation
of the score, where a score of 0–2.9 was considered a

nonirritant, a score of 3.0–8.9 was considered a slight irri-
tant, a score of 9.0–15.0 was considered a moderate irritant,
and a score >15.0 was considered a severe irritant. The
group averages were then used to calculate the differences
between the test groups (CNC and SNC) and the control
groups (OT and SC).

In addition, NF 200 stained slides from the SC, CNC, and
SNC groups were analyzed for axonal swirling and optical
density. Axonal swirling was scored by the veterinary pa-
thologist using a semiquantitative scale ranging from 0 to 4,
where a score of 0 was no swirling present and a score of 4
was marked swirling. Optical density of NF 200 stained
axons was determined using three randomly selected areas
in the distal portion of the nerve stump, which were ana-
lyzed for axonal density using Image-Pro Premier 9.2
(Media Cybernetics, Rockville, MD).

Statistical analysis

General summary statistics for numeric data of inflam-
mation, fibrocytes, neovascularization, fatty infiltrates, ne-
crosis, mineralization, hemorrhage, fibrin deposition, tissue
ingrowth, and implant resorption included the mean and

FIG. 2. Illustration, medial
aspect of rat leg displaying
tibial nerve transposition for
tibial neuroma transposition
model (modified from Dorsi
et al.25).
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the standard deviation. All statistical evaluations were tes-
ted at a 0.05 significance level. Axonal swirling statistical
evaluations were analyzed using SAS v. 9.4 (SAS Institute,
Inc., Cary, NC).

Behavioral testing scores of left and right hindlimbs
were analyzed for all animals enrolled in the study to de-
termine whether the mean scores were the same across
all groups. Comparisons of the mean scores for the indi-
vidual hindlimb sides, left or right, between the treatment
and control groups was conducted with a Kruskal-Wallis
test (a nonparametric version of analysis of variance). A
Kruskal-Wallis test was also used to perform a three-group
comparison at all timepoints. A post hoc Tukey and Kramer-
Nemenyi multiple comparison tests were used to compare
differences between the groups at all timepoints with a sig-
nificant group difference on the Kruskal-Wallis test.

Optical density data were also analyzed using a Kruskal-
Wallis test as well as post hoc multiple comparison tests
using Tukey and Kramer-Nemenyi tests. All data are pre-
sented as the mean – standard error of the mean. Pearson
correlations were run to determine any correlation between
axonal swirling and optical density and behavior and optical
density.

Results

Tissue response

The overall tissue response showed no statistical differ-
ences across all groups at 8 weeks and all implants were
noted as being nonirritants. Overall average tissue responses
at 8 weeks were 2.7 for the CNC group, 1.7 for the SNC
group, and 1.3 for the OT group. After 12 weeks of recov-
ery, the overall tissue response showed no statistical dif-
ferences across all groups and all implants were again noted
as being nonirritants. Overall average tissue responses at 12
weeks were 0.0 for the CNC group, 1.4 for the SNC group,
and 2.1 for the OT group.

All samples showed minimal to mild implant resorption
by 12 weeks, with notable amounts of the implant material
remaining. The average 12-week implant resorption score
was 1.1 for the CNC group, 1.5 for the SNC group, and 1.3
for the OT group. The tissue ingrowth scores of these
samples also showed no statistical differences across all
groups by the 12-week time point, with average scores of
1.1 for the CNC group, 1.6 for the SNC group, and 1.5 for
the OT group. These results indicate that pSIS, when used in
the two different nerve cap configurations, remodels in the
same manner as the commercially available pSIS tube.

Axonal swirling

Axonal swirling scores at 8 weeks also showed no sta-
tistical differences across the three groups. However, trends
of higher axonal swirling scores were more frequently noted
in the SC group (75%), compared to the CNC group (50%)
and the SNC group (28.6%) (Fig. 3A). At 12 weeks, there
was a significant difference in axonal swirling score fre-
quency with the SC group (71.5%) having significantly
higher axonal swirling scores more frequently than the CNC
and SNC groups (Fisher’s exact test p = 0.02). The CNC and
SNC groups showed no identifiable axonal swirling in 100%
of the animals (Fig. 3C).

Optical density

To obtain a histological correlate of neuroma formation,
optical density measurements of the regenerating nerve
stumps were performed.11 There is an inverse relationship
between axon density and collagen, therefore, a decrease in
axonal optical density measurements is indicative of in-
creased collagen deposition and associated neuroma forma-
tion. At 8 weeks, there were no significant differences
between the groups. The average optical densities were
2984 – 191 for the SC group, 4961 – 667 for the CNC group,
and 5439 – 603 for the SNC group (Fig. 4).

At 12 weeks, the SC group showed significantly lower ax-
onal optical density of neurites extending within regenerating
nerve stumps compared to the CNC and SNC groups
( p < 0.001, Tukey and Kramer-Nemenyi test, Fig. 4C). At 12
weeks, the average axonal optical density of the SC was
3062 – 166 compared to 7858 – 1322 for the CNC group and
6289 – 824 for the SNC group. There was no significant dif-
ference in the optical density between the CNC and SNC
groups (Fig. 4C, p = 0.9787). This indicates that both the CNC
and SNC groups had an increased density of axonal outgrowth
and less collagenous tissue present in the regenerating nerve
stumps compared to the SC group. These results, taken to-
gether with the axonal swirling results, indicate that the Nerve
Caps were able to reduce or eliminate neuroma formation.

Behavioral pain response

For the first 6 weeks after surgery, the pain response
scores of all three groups were highly variable (Fig. 5). Pain
during this time was most likely due to postsurgical pain. At
2 weeks, there was a significant difference between the
groups using a three-group Kruskal-Wallis test ( p = 0.02). In
addition, there was a significant difference between the SC
and the CNC groups with the SC group exhibiting a higher
pain response using a multiple comparisons test ( p = 0.035,
Tukey and Kramer-Nemenyi Test).

At 3 weeks, there was a significant difference between the
groups using a three-group Kruskal-Wallis test ( p = 0.009)
and a significant difference between the SC and SNC groups
using a multiple comparisons test ( p £ 0.05). At 6 weeks, there
was a significant difference between the three groups using a
three-group Kruskal-Wallis test ( p = 0.04), but no significant
difference was seen using a multiple comparisons test (Tukey
and Kramer-Nemenyi). By 8 weeks, there was a significant
difference between the three groups using the three-group
Kruskal-Wallis test ( p = 0.04) as well as a significant differ-
ence between the SC and CNC group using a multiple com-
parisons test ( p = 0.048, Tukey and Kramer-Nemenyi test).

By 12 weeks, there was a significant difference between
the groups using the three-group comparison Kruskal-Wallis
test ( p = 0.008) as well as using the multiple comparisons
test with the SC group exhibiting a significantly higher pain
response than both the CNC and SNC groups ( p = 0.021 and
0.03, respectively). No significant differences between the
CNC and SNC groups were seen at any timepoint. The
variability in pain response scores before the 12-week
timepoint was expected since neuromas typically take at
least 12 weeks to form.27 This behavioral pain response data
indicate the Nerve Cap’s potential to reduce or eliminate
symptomatic neuroma formation—for both the partition and
spiral insert designs.
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Discussion

Since the popularization of collagen conduits for nerve
repair in the mid-1990s,28,29 the use of biomaterials in nerve
repair has steadily increased in popularity with the options
expanding beyond collagen to include other materials such as
polyglycolic acid,30 pSIS,31 and processed nerve allografts.32

Originally utilized in end-to-end nerve reconstruction
after trauma, these biomaterials have recently been recog-
nized as having a role in the surgical management of nerve
pain and painful neuroma.33 For example, nerve allograft
has been used to reconstruct nerves after resection of painful
neuromas-in-continuity33 and conduits, when placed over a
nerve coaptation, have been shown to reduce the likelihood
of pain at the coaptation by 50%.34 However, although
nerve caps have been utilized as a method to try and prevent
neuroma development in the past, they were either made
from nonbiologic materials such as silicone or from autol-
ogous tissues such as vein or epineurium.12,21 These treat-
ments have not gained in popularity, likely due to the fact

that silicone can cause problematic reactions when im-
planted in the body and autologous tissue requires extra
operative time, introduces risks with donor site morbidity,
and can pose an additional technical challenge while not
guaranteeing the containment of axons within the cap.23

Therefore, we chose to utilize pSIS, a known biomaterial
that is well tolerated and has been previously utilized around
nerve,24,31,35 in the design of our cap.

pSIS serves as a biologic scaffold that revascularizes and
remodels into a new, permanent soft tissue layer24 unlike col-
lagen, which simply degrades.36 This new soft tissue layer that
forms can help to reduce neurotrophic signaling from the sur-
rounding environment while also providing permanent pro-
tection of the nerve end from mechanical stimulation. This is
consistent with the behavioral data obtained in this study,
which demonstrated that the rats in the CNC and SNC groups
had significantly lower behavioral pain scores in response to a
mechanical stimulus indicating that they were less sensitive
(i.e., exhibited less pain) to mechanical stimulation of the ter-
minal nerve stump over the course of the study compared to the

FIG. 3. Axonal swirling analysis (A) at 8 weeks, there was no statistically significant difference among the groups, with
more than 75% of all scores between 0 and 1. (B) Representative micrographs of 8-week Masson’s trichrome staining.
Axonal swirling can be observed by axonal growth patterns (white arrowheads) through the collagen matrix (black
arrowheads). (C) At 12 weeks, axonal swirling was scored a 0 in all animals in both nerve cap groups. The SC group
showed significantly higher axonal swirling compared to both the CNC and SNC groups (*p = 0.0210 and 0.0210, re-
spectively). (D) Representative micrographs of 12-week Masson’s trichrome staining. SC, surgical control.
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FIG. 4. Optical density values (mean – SEM) (A) optical density values within the distal nerve segment at 8 weeks. There
were no significant differences between the three groups. (B) Representative micrographs of 8-week neurofilament staining
that were used for optical density measurements. (C) Optical density values within the distal nerve at 12 weeks. The CNC
group had a statistically higher optical density than the SC group (*p = 0.0004). The difference between the SNC and SC
group was also statistically significant (*p = 0.0002). There was no difference between the CNC and SNC groups
( p = 0.9787). (D) Representative micrographs of 12-week neurofilament staining that were used for optical density mea-
surements. SEM, standard error of the mean.

FIG. 5. Behavioral pain
responses over time,
recorded after punctate
stimulus of tibial nerve
stumps (mean – SEM).
Significant differences were
seen between the groups at
2, 3, 6, 8, and 12 weeks
(three-groups Kruskal-
Wallis, *p-value <0.05). In
addition, at 2 and 8 weeks,
the SC group had a signifi-
cantly higher pain response
than the CNC group, at 3
weeks the SC group had a
significantly higher pain
response than the SNC group
and at 12 weeks the SC group
had a significantly higher
pain response than both the
CNC and SNC groups
(Tukey and Kramer-
Nemenyi, *p-value <0.05).
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SC group. pSIS also protects the nerve from soft tissue at-
tachments therefore minimizing the potential for pain due to
scar formation causing pressure and traction on the neuroma.24

In addition to choosing a biomaterial that will remodel into
a new soft tissue layer, we included an internal micro-
architecture in the design. The CNCs contained a pSIS parti-
tion that ran down the center of the cap, dividing the cap into
two separate chambers. The SNCs contained a pSIS spiral
insert running from the inner circumference at the end of the
cap, toward the center. Internal microarchitecture within the
nerve caps served two different purposes. First, internal mi-
crostructure has been shown to better support axonal growth
and limit axonal dispersion by helping to align axonal out-
growth by providing a microenvironment with which the ax-
ons can interact,37 which is supported by the results of this
study. This study demonstrated that at 12 weeks both the CNC
and SNC groups showed an increase in axonal optical density
compared to the SC group, which had a notable decrease in the
axonal optical density measurements at the site of regenerating
nerve stumps. This decrease in axonal optical density is as-
sociated with increased collagen deposition and disorganized
axonal outgrowth, features that signify neuroma formation.11

In addition, the partition and spiral inserts served as a
method to prevent the terminated nerve end from being
placed too far into the cap. This gave the nerves a predefined
‘‘runway’’ length to allow for aligned axonal outgrowth and
eventual axonal exhaustion.38,39 The ‘‘runway’’ length of
5 mm was based on several studies that showed very mini-
mal axon infiltration past 5 mm in hollow tubes used to
repair nerve defects.39,40 Five millimeter was considered a
‘‘worst-case’’ scenario and nerve caps for clinical use,
which are available in diameters up to 4 mm, have been
designed with a 10 mm runway to ensure axonal exhaustion.

One limitation of this study was the use of the TNT model
itself. The nature of the model and the transposition of the
nerve, while having the benefit of allowing for mechanical
stimulation testing, only allows for comparison to simple
neurectomy and not to other methods such as burying in
muscle or bone. In addition, rodents have a very thin skin
envelope compared to humans and this model necessitates
that the device be implanted directly under the skin in a site
near a joint with very limited space, which likely accounts
for the device erosions seen in this study. This is different
from the intended clinical use where the cap would have
sufficient healthy soft tissue coverage. Furthermore, the
model requires a suture through the skin to anchor and mark
the location of the nerve end. This may have caused some
irritation and chewing of the suture material, which may
have also contributed to the erosions.

Use of the 12-week timepoint could be seen as another
limitation of this study. However, Oliveira et al., studied the
time course of neuroma development in rodents and demon-
strated that neuroma formation begins as early as 4 weeks
postamputation with fully formed neuromas present by 12
weeks.27 This is consistent with our findings of histological
correlates of neuroma formation in the SC group at 12 weeks.
Finally, we saw no correlation between axon swirling and
optical density scores or between optical density and behavior
scores. However, the lack of correlation is likely due to the
study being underpowered for these types of statistics. This
study was powered for equivalence and correlations typically
require a larger sample size than equivalence.

Conclusion

Histologically, neuromas are characterized by a bulbous
mass of axons entangled in connective tissue. The func-
tional result of these entrapped axons is pain and dys-
esthesia.15 This study demonstrated that isolating terminal
nerve stumps within nerve caps containing an internal
structure resulted in reduced pain sensitivity to mechanical
stimuli exhibited by the animals, less axonal swirling, and
higher axonal optical density (axon to collagen ratio) in the
regenerating nerve stumps compared to the SC group. Taken
together, these results indicate that entubulation of terminal
nerve stumps within a chambered or spiralized nerve cap
reduces the risk of developing a painful neuroma.11,41 Fu-
ture application of the nerve cap in the treatment of residual
limb patients may decrease the incidence of painful neuro-
mas, which has the potential to improve an amputee’s tol-
erance of his or her prosthetic and subsequent rehabilitation
outcomes.
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acaoğlu, E. Prevention of painful neuromas by epineural
ligatures, flaps and grafts. Br J Plast Surg 50, 182, 1997.

22. Siemionow, M., Bobkiewicz, A., Cwykiel, J., Uygur, S.,
and Francuzik, W. Epineural sheath jacket as a new sur-
gical technique for neuroma prevention in the rat sciatic
nerve model. Ann Plast Surg 79, 377, 2017.

23. El-Din, A.B., El-Mosalemy, K., and Barkat, N.M. Venous
graft versus epineural flaps in prevention of neuroma for-
mation: an experimental study. Egypt J Plast Reconstr Surg
32, 51, 2008.

24. Kokkalis, Z.T., Pu, C., Small, G.A., Weiser, R.W.,
Venouziou, A.I., and Sotereanos, D.G. Assessment of
processed porcine extracellular matrix as a protective
barrier in a rabbit nerve wrap model. J Reconstr Microsurg
27, 19, 2011.

25. Dorsi, M.J., Chen, L., Murinson, B.B., Pogatzki-Zahn,
E.M., Meyer, R.A., and Belzberg, A.J. The tibial neuroma
transposition (TNT) model of neuroma pain and hyper-
algesia. Pain 134, 320, 2008.

26. Jaggi, A.S., Jain, V., and Singh, N. Animal models of
neuropathic pain. Fundam Clin Pharmacol 25, 1, 2011.

27. Oliveira, K.M.C., Pindur, L., Han, Z., Bhavsar, M.B.,
Barker, J.H., and Leppik, L. Time course of traumatic
neuroma development. PLoS One 13, e0200548 2018.

28. Archibald, S.J., Krarup, C., Shefner, J., Li, S.T., and
Madison, R.D. A collagen-based nerve guide conduit for
peripheral nerve repair: an electrophysiological study of
nerve regeneration in rodents and nonhuman primates.
J Comp Neurol 306, 685, 1991.

29. Mackinnon, S.E., and Dellon, A.L. A study of nerve re-
generation across synthetic (Maxon) and biologic (collagen)
nerve conduits for nerve gaps up to 5 cm in the primate.
J Reconstr Microsurg 6, 117, 1990.

30. Mackinnon, S.E., and Dellon, A.L. Clinical nerve recon-
struction with a bioabsorbable polyglycolic acid tube. Plast
Reconstr Surg 85, 419, 1990.

31. Papatheodorou, L.K., Williams, B.G., and Sotereanos, D.G.
Preliminary results of recurrent cubital tunnel syndrome
treated with neurolysis and porcine extracellular matrix
nerve wrap. J Hand Surg 40, 987, 2015.

32. Karabekmez, F.E., Duymaz, A., and Moran, S.L. Early
clinical outcomes with the use of decellularized nerve al-
lograft for repair of sensory defects within the hand. Hand
(N Y) 4, 245, 2009.

33. Eberlin, K.R., and Ducic, I. Surgical algorithm for neuroma
management: a changing treatment paradigm. Plast Re-
constr Surg Glob Open 6, 2018.

34. Ducic, I., Safa, B., and DeVinney, E. Refinements of nerve
repair with connector-assisted coaptation. Microsurgery 37,
256, 2016.

35. Jordaan, P., Uhiara, O., and Power, D. Management of the
scarred nerve using porcine submucosa extracellular matrix
nerve wraps. J Musculoskelet Surg Res 3, 128, 2019.

36. Nihsen, E.S., Johnson, C.E., and Hiles, M.C. Bioactivity of
small intestinal submucosa and oxidized regenerated cel-
lulose/collagen. Adv Skin Wound Care 21, 479, 2008.

37. Yao, L., de Ruiter, G.C., Wang, H., et al. Controlling dis-
persion of axonal regeneration using a multichannel colla-
gen nerve conduit. Biomaterials 31, 5789, 2010.

38. Sakai, Y., Ochi, M., Uchio, Y., Ryoke, K., and Yamamoto,
S. Prevention and treatment of amputation neuroma by an
atelocollagen tube in rat sciatic nerves. J Biomed Mater Res
B Appl Biomater 73B, 355, 2005.

39. Tran, R.T., Choy, W.M., Cao, H., et al. Fabrication and
characterization of biomimetic multichanneled crosslinked-
urethane-doped polyester tissue engineered nerve guides:
biomimetic multichanneled crosslinked-urethane-doped
polyester nerve conduits. J Biomed Mater Res A 102, 2793,
2014.

40. Tyner, T.R., Parks, N., Faria, S., et al. Effects of collagen
nerve guide on neuroma formation and neuropathic pain in
a rat model. Am J Surg 193, e1, 2007.

41. Koch, H., Herbert, T.J., Kleinert, R., Hubmer, M., Schar-
nagl, E., and Pierer, G. Influence of nerve stump transplan-
tation into a vein on neuroma formation. Ann Plast Surg 50,
354, 2003.

Address correspondence to:
Ian L. Valerio, MD, MS, MBA
Department of Plastic Surgery

Wexner Medical Center
The Ohio State University

915 Olentangy River Road #2140
Columbus, OH 43212

E-mail: ian.valerio@osumc.edu

Received: October 7, 2019
Accepted: December 13, 2019

Online Publication Date: January 23, 2020

PREVENTION OF NEUROMA WITH A PORCINE SIS NERVE CAP 511


